Received for publication April 18, 1958 In a previous investigation , a protein fraction which was active in immunizing rabbits against artificially induced anthrax infection was isolated from culture filtrates of Bacillus anthracis. For the production of protective antigen, the synthetic medium of Wright et al. (1954) or a modified medium containing casein hydrolyzate was used. No acceptable criteria of purity were given for the preparations and the presence of other nonspecific bacterial proteins could not be excluded.
Antigenic material can be tested for immunological homogeneity by the agar diffusion technique of Ouchterlony (1953) . Recently a method for titrating a B. anthracis immunizing antigen, based on this technique, was reported (Thorne and Belton, 1957) . A culture filtrate containing a protective antigen produced a characteristic precipitation line with antiserum and the titer was defined as the highest dilution of sample which would give a visible reaction. Excellent correlation was found between the titers of culture filtrates and their immunizing activities in rabbits. It seemed probable that the line observed in agar diffusion plates was a precipitate of protective antigen and its specific antibody but this could be proved only by isolating the antigen component in a pure state and demonstrating its protective activity. Previously isolated material from culture filtrates was immunologically heterogeneous since preparations produced up to four precipitation lines with antiserum. The predominant line was equivalent to the characteristic line produced by culture filtrates.
This report presents a new fractionation procedure for the isolation of two components from culture filtrates of B. anthracis, each of which is a potent protective antigen and gives only one Sterne (1937) was used for the production of protective antigen. Spores of the virulent M-36 strain of this organism were used as the challenge in active immunization tests.
Antigen production. A casamino acids medium modified to contain less Fe?and more NaHCO3 (Thorne and Belton, 1957) was used. Batches of 20 Fernbach flasks (3-L), each containing 500 ml of medium inoculated with 106 spores of the Sterne strain were incubated 27 hr at 37 C. The cultures were centrifuged and the supernatant solutions were filtered through Millipore filters (Millipore Filter Corp., Watertown, Mass.) at 4 C. About 9.3 L of culture filtrate were obtained from a batch of culture medium.
Isolation of crude antigen. Culture filtrate (9.3 L) was saturated with (NH4)2S04 and left 16 to 20 hr at 4 C. The precipitate was collected by filtration through Schleicher and Schuell paper, no. 602, on a Buchner funnel at 4 C. In some experiments, Millipore or sintered glass filters were used. The precipitate was washed with small amounts of 80 per cent saturated (NH4)2SO4 solution and extracted by macerating the paper in about 200 ml of 0.05 M tris(hydroxymethyl)aminomethane (Tris) buffer, pH 8.0. The brown solution was freed from paper by filtration through Whatman no. 1 paper on a Buchner funnel and stored at -10 C.
Assay of immunizing antigen. An agar diffusion method was used exactly as previously described (Thorne and Belton, 1957) . Antiserum H-533, prepared in a horse by injecting spores of the ANTHRAX PROTECTIVE ANTIGEN of antigen which just gave a visible precipitation line with antiserum H-533 in an Ouchterlony plate contained 1 unit of activity per ml. Active immunization tests were performed as follows: rabbits of heterogeneous strains (weight about 4 lb) were each given 5 doses of 0.5 ml of appropriately diluted samples subcutaneously at 2-day intervals. Seven days after the last injection each rabbit was challenged with an intradermal injection of 500 spores of the M-36 strain (250 average lethal doses) and observed for 14 days. Deaths from anthrax during this period were confirmed by isolating the organisms from the heart blood and liver of dead animals.
Analytical methods. Total nitrogen was determined by a micro-Kjeldahl-nesslerization method and total phosphorus by the method of King (1932) . Total carbohydrate was estimated by the Molisch test performed under standard conditions; the color produced by a weighed amount of sample was compared with that produced by a graded series of glucose solutions treated in the same manner. Total protein was estimated by the method of Lowry et al. (1951) .
Amino acids were detected by paper chromatography after hydrolysis of a sample with 6 N HCl for 20 hr at 108 C in a sealed tube. Phenolwater (3:1) in an atmosphere of NH3 followed by butanol-acetic acid-water (4:1:5) were used as solvents.
Zone electrophoresis was performed with an apparatus obtained from E-C Apparatus Co., 23 Haven Avenue, New York 32, N. Y. Samples were spotted on 2.5 by 18.5 in strips of Whatman no. 3MM paper previously wetted with 0.1 M barbital or phosphate buffer (pH 8.0 to 8.6) and subjected to a field strength of about 12 v per cm for 3 to 7 hr. The papers were cooled during the process by passing water at 5 to 8 C through the plates of the apparatus. Separated components were detected by staining the papers with bromphenol blue after drying 15 min at 100 C. The antigenic activity of separated components was determined by eluting with Tris buffer at pH 8.0 from successive 1 cm transverse strips cut from an unheated, unstained paper strip along the path of migration and testing the eluates by the agar diffusion method. In some experiments, the papers were frozen and successive discs were cut out with a cork borer of the same diameter (7 mm) as the antigen cups in the Ouchterlony plate. The paper discs were inserted in the cups and covered with 0.02 M phosphate buffer, pH 8.0, containing 0.5 per cent (w/v) gelatin (Thorne and Belton, 1957) .
Ultraviolet absorption data were obtained using a Beckman DU spectrophotometer and quartz cells with a 1 cm light path.
Ultracentrifugal analyses were kindly performed by Dr. J. Wagman, who used a Spinco analytical ultracentrifuge.
Determination of peptidase and gelatinase activity. Peptidase activity was determined by incubating at 37 C mixtures of substrate (0.1 ml of 1 per cent solution), buffer (0.03 ml of 0.5 M phosphate, pH 7.4, containing 2 mg of chloromycetin per ml) and solution of the sample (0.1 ml). The substrate usually consisted of a solution of L-leucylglycine purchased from Mann Research Laboratories, New York 6, N. Y. After incubation, samples (0.01 ml) of the reaction mixture were spotted on Whatman no. 1 paper and developed with phenol-water. Amino acids were detected with ninhydrin and the degree of substrate hydrolysis was assessed by visual examination of the color intensities of the spots corresponding to the free amino acids released.
In a few samples the amount of glycine released was determined by the ninhydrin method of Housewright and Thorne (1950) . Gelatinase activity was detected by placing drops of sample (0.03 to 0.04 ml) on X-ray film which was incubated at 37 C in a moist chamber. After cooling, the film was washed with water and examined for areas of liquefaction. To compare the activities of a number of samples, a series of dilutions of each was tested to find the highest dilution which caused hydrolysis in a given time.
RESULTS
Activity of crude antigen. The titers of crude antigen preparations and the estimated recoveries are given in table 1. With filter paper, the average recovery of activity was near 80 per cent. At least 3 precipitation lines were produced by relatively concentrated solutions of crude antigen; the predominant one was equivalent to the line used by Thorne and Belton (1957) Rutherford, N. J.) for 30 min at 4 C. After this treatment the supernatant solution was usually colorless but sometimes a second treatment was required. The amount required to decolorize without removing a significant amount of antigen from solution had to be determined for each batch of Norite A. The solution of the decolorized fraction (II-C) contained about 50 per cent of the total activity originally present in crude antigen from which it was obtained and appeared to be immunologically homogeneous when tested with antiserumn H-533. Paper electrophoresis of fractions from crude antigen. On paper electrophoresis, the bulk of the protein in fraction I remained on the origin, fraction II-C migrated as a well defined spot which moved 3.7 cm from the origin towards the anode in 6 hr, and II-5P and III produced large, diffuse, weakly staining spots on the anode side of the paper. Assay of eluates from consecutive areas of paper along the path of migration of fraction II-C showed that activity was concentrated in the area of the protein-staining spot. Figure 1 extraction was made for 10 min at 4 C with occasional shaking and the adsorbent was recovered each time by centrifugation. Antigen titers of the extracts suggested that a separation had occurred although the solutions all produced a similar precipitation line. About 12 per cent, over 50 per cent, and 6 per cent of the adsorbed antigen was eluted with 0.05, 0.10, and 0.20 M buffers, respectively. Confirmation of separation was obtained by eluting antigen from small columns of Al-C-y. Because the flow of solvent through a packed column was very slow, even under reduced pressure, acid-washed Celite 545 was mixed with Al-C-y. In a typical experiment, a column was prepared in a 5 ml Mohr pipette from a slurry of 10 ml of Al-Cy suspension (20 mg per ml) and 10 ml of Celite 545 suspension (200 mg per ml). The column was allowed to settle and was washed several times by drawing distilled water through by suction. One ml of a solution of fraction II-C (41,000 units) was added and 0.05 M and 0.10 M phosphate buffers were successively drawn through the column at 4 C. Two-ml fractions were collected and their protein contents and antigenic activities determined. The effluent diagram constfucted on the basis of protein content is shown in figure 3 and it is seen that two definite components (C-1 and C-2 respectively) ig., in Reaction of the purified antigen components C-1 and C-2 with various antisera. Antiserum H-25, obtained from a horse after injection of alum precipitated antigen from culture filtrates was kindly supplied by Mr. F. C. Belton of the Microbiological Research Establishment, Porton, Salisbury, Wiltshire, England. A specific antiserum against antigen C-2 was prepared in rabbits by the following method. A solution containing 50 units per ml was injected into 2 rabbits, each of which received 5 doses of 0.5 ml at 2-day intervals. Seven days later, 2 further injections (0.5 ml) of a solution containing 250 units per ml were given at 2-day intervals. A week later serum from each rabbit (antisera R-1 and R-2) gave a strong reaction with solutions of C-1 and C-2 in agar diffusion plates. Figure 5 shows the results obtained when fractions C-1 and C-2 and culture filtrates were allowed to react with antisera H-533, H-25, and R-1. The same precipitation line was formed in all cases, indicating that C-1 and C-2 were very similar antigenically and that each was immunologically homogeneous.
Dialysis of purified antigen. To obtain a weight- Figure 5 . Line patterns obtained with C-1, C-2, and culture filtrate (F) when the antibody ctups were filled with 3 different antisera. H-533 is an antiserum obtained from a horse after injection with spores of the Sterne strain; H-25 from a horse injected with alum-precipitated antigen from culture filtrates; R-1 from a rabbit injected with C-2. activity relationship for the purified antigen preparations, buffer salts and residual (NH4)2-S04 had to be eliminated. Attempts to achieve this by dialysis against distilled water or certain buffer solutions resulted in substantial loss of activity and partial insolubility of the products. A solution of fraction II-C lost 66 per cent of its activity during dialysis in a cellophane sac against distilled water for 24 hr at 4 C, and on paper electrophoresis at pH 8.6, the bulk of the dialyzed protein material remained at the origin whereas the undialyzed material migrated as a well-defined component. A similar result was obtained when a solution of the fraction was dialyzed against 0.025 M phosphate buffer, pH 6.9 for 72 hr at 4 C. After dialysis, the sac contents were centrifuged and the supernatant solution was examined in the ultracentrifuge which showed that two components were present in the approximate ratio of 2:3 compared to the undialyzed material in which two components were present in the ratio of 1:4 (figure 2a). The degradation occurring during dialysis was probably enzymatic and this is discussed below. It was eventually found that antigen preparations were stable during dialysis against weak, alkaline buffer solutions and under these conditions the product was somewhat more active than the initial material. For example, a solution (1 ml) of C-2 in 0.05 M Tris buffer, pH 8.7, was dialyzed for a total of 48 hr on a rotary stirrer at 4 C against 2 changes of 0.0005 M Tris buffer, followed by two changes of 0.00025 M Tris buffer, both at pH 8.5. Allowing for the small change in volume which occurred, the sac contents had a titer of 6000 units per ml whereas the original solution contained 4000 units per ml. After lyophilization, the sac contents yielded 2.54 mg of a white solid which dissolved readily in distilled water (1 ml) to give a solution with a titer of 5000 units per ml. The data obtained from this and other experiments indicated that dialyzed, lyophilized antigen C-2 had a titer of 2 X 103 units per mg, i. e. a solution containing 0.5 gg of antigen per ml gave a precipitation line in agar diffusion plates. The cups in an agar plate had an approximate volume of 0.04 ml and thus 0.02 A.g of antigen could be detected.
Protective activity of two purified antigenic components. Eight groups of 5 rabbits were immunized with purified antigen components C-1 and C-2. The antigens were dissolved in 0.05 M Tris buffer, pH 8.5, and in most cases normal horse serum (1:100 v/v) was added to enhance protective activity Thorne and Belton, 1957 Thorne and Belton (1957) suggests that the protective activity of culture filtrates is due entirely to the presence of one or both of the components, C-1 and C-2.
Nature of the antigen component C-2. Solutions of C-2 gave positive biuret and phenol reactions. The ultraviolet absorption spectrum was typical of a protein uncontaminated with nucleic acid (-log T 280 my~1.67V it showed a sharp v-log T 260 mu. peak at 277.5 mu and a trough at 250 m,u. After acid hydrolysis, paper chromatography revealed ninhydrin-positive spots corresponding to most of the common amino acids. The dialyzed, lyophilized component contained 14.3 per cent nitrogen, 0.12 per cent phosphorus, and <0.5 per cent total carbohydrate as glucose.
Degradation of protective antigen. After the yield of antigen in cultures reached a maximum, continued incubation resulted in progressively lower titers. Concurrently with the loss of antigen, changes were observed in the pattern of precipitation lines in agar diffusion plates. Additional lines appeared as the original line disappeared suggesting that the antigen molecule was degraded into smaller components. Various line patterns were observed, depending on cultural conditions and time of incubation. An example is shown in figure 6 . In this experiment the cultures were grown in shaken flasks (Thorne and Belton, 1957) without addition of charcoal and sampled at frequent intervals. As the intensity of the main line decreased, immunizing potencies of respective samples also decreased. Antisera prepared by injecting alum-precipitated antigen, e. g. H-25, produced lines with more extensively degraded antigen than did antisera produced by injecting viable spores, e. g. H-533. A possible explanation for this observation is that preparations of alum-precipitated antigen contain degraded antigens which occur in filtrates from cultures grown in vitro but which are not formed in vivo. Consequently, antibodies to the highly degraded antigens would be present only in the antisera produced by injecting alum-precipitated antigen.
Antigen in cell-free culture filtrates also disappeared upon incubation and the rate of disappearance was dependent on pH. It was most stable at pH 8 to 9. Evidence that this degradation was at least partially enzymatic was obtained by incubating purified antigen (fraction II-C) with and without culture filtrate at pH values of 7.0 and 9.0. Results are shown in table 4. The filtrate was from a shaken culture grown without NaHCO3 at pH 6 to 7 and thus contained no antigen. More destruction occurred at pH 7.0 than at pH 9.0, and at both pH values the amount of destruction was greater in the presence of filtrate. In the control with heated filtrate tested at pH 7.0, there was less destruction than with phosphate buffer at pH 7.0. Other proteins in the heated filtrate may have had a protective effect. Evidence that the increased stability at pH 9.0 was due to the pH rather than the Tris buffer is the fact that, in other experiments, the antigen present in culture filtrates which had a pH of 8.5 or higher as a result of NaHCO3 in the medium was less stable when the pH was lowered to 7.0 with HCl.
The destruction of antigen in buffer without The optimum pH values for hydrolysis of gelatin and L-leucylglycine by solutions of this fraction were 9 and 7, respectively, which suggested the probability that two enzymes were present. The fact that antigen was relatively stable at pH 9.0 appeared to eliminate gelatinase as a cause of degradation. Although components C-i and C-2 gave a common precipitation line, they differed with respect to their stability upon incubation at 37 C. This is shown in table 5. C-2 was more stable than C-i. The stability of each increased with increasing pH values and both were relatively stable in the presence of serum. In another experiment the addition of 0.03 m cysteine or methionine had no effect on the degradation of C-i during incubation at 37 C.
Although both C-i and C-2 were only weakly active in hydrolyzing L-leucylglycine, C-i was several times more active than C-2. A possible explanation for the protective effect of serum is that it provided an alternative substrate for an enzyme which degraded the antigen. However, in an experiment in which 0.01 M L-leucylglycine was added as a possible alternative substrate, the degradation of C-1 was unaffected at pH 7.0 during incubation at 37 C.
An example of the type of degradation that occurred with C-1 and C-2 as obserVed by agar diffusion, is shown in figure 7 . Before incubation in phosphate buffer at pH 7.0 each component gave a single sharp line. Changes in line patterns could be observed before losses in total antigen could be detected. The first indication of degradation was a broadening of the precipitation line and as incubation continued, this was followed by the appearance of two or more distinct lines which later disappeared. Although the changes in C-1 and C-2 were very similar, they occurred much more rapidly with C-1 than with C-2.
Further evidence that the degradation of antigen was enzymatic was obtained in the following experiment. A solution of C-1 in phosphate buffer at pH 7.0 was incubated at 37 C for 16 hr, during which time most of the antigen disappeared. To this solution was added some C-2, and as a control some C-2 was added to phosphate buffer, pH 7.0. The two reaction mixtures were incubated at 37 C and assayed for antigen at frequent intervals. As evidenced by titers of the two solutions as well as by patterns of precipitation lines, C-2 was degraded more rapidly in the solution of degraded C-1 than in the buffer solution.
DISCUSSION
The purified B. anthracis immunizing antigen previously prepared was subjected to conditions during purification which have now been found to degrade the antigen. On a weight basis, the isolated components described in the present report were about 10 times as active in immunizing rabbits as the previously reported preparations. At that time the only assay method for protective antigen was active immunization of animals which required about 30 days for completion. The present study was more successful owing to the availability of the agar diffusion assay method (Thorne and Belton, 1957) The relationship between the two components, C-1 and C-2, is not clear. They behaved identically in agar diffusion plates and they had similar immunizing potencies. The only obvious difference between the two was in their stabilities; C-1 degraded much more rapidly than C-2 at 37 C. However, C-1 was more heavily contaminated than C-2 with an enzyme having peptidase activity, which possibly accounts for the difference in stability. One possible explanation is that the antigens in the two fractions are identical and that the active material in the smaller fraction, designated as C-1, separated as a complex with the peptidase or other protein having no immunizing activity. Another possibility is that C-1 may be formed as a result of degradation of C-2.
The addition of charcoal to medium for antigen production increased the antigen yield Thorne and Belton, 1957) . Tests for peptidase activity with L-leucylglycine as substrate revealed that culture filtrates were less active when charcoal was in the growth medium. It now seems that the effect of charcoal on antigen yields may be explained by the decreased amount of degradation resulting from reduced amounts of peptidase. Whether the charcoal adsorbed peptidase or whether it was effective in a more indirect manner was not tested.
The fact that the antigen is stable at a high pH offers an explanation for the effect of sodium bicarbonate on antigen yields. When 0.7 per cent NaHCO3 was added to the medium, the pH of the culture filtrate at 27 hr was about 8.5. If NaHCO3 was omitted, the culture filtrate had a pH value of about 6.0. Experiments reported here show that antigen degraded very rapidly at pH 6.0. Although Gladstone (1946) and Puziss and Wright (1954) suggested that bicarbonate was essential for antigen production, Thorne and Belton (1957) 
